genes and the fatty acid metabolism pathway among the down-regulated genes. Conclusions: High-calcium diet with whey protein significantly modifies adipose tissue gene expression. These preliminary findings reveal that targets of a high-calcium diet with whey protein include genes for Adrb3 and leptin, and help to explain how the intake of dairy products might attenuate obesity.
Introduction
The inverse association between dairy calcium intake and body mass index has been found in several cross-sectional and longitudinal studies [1] [2] [3] [4] [5] . High-calcium diet has also been demonstrated to inhibit weight gain in both rats and mice [6] [7] [8] . Increased calcium intake has also been established to effectively accelerate weight loss both in rodents [7, 9] and humans [10, 11] . However, not all the calcium interventions have been successful in modulating body weight [12] [13] [14] .
The mechanism by which dietary calcium affects body weight is still controversial. Calcium intake has been suggested to modify adipocyte metabolism via 1,25(OH) 2 -D 3 -vitamin, which increases the adipocyte intracellular calcium content [15] . This active form of vitamin D has been shown to promote lipogenesis in adipocytes by increasing the expression and activity of fatty acid synthase (FAS) [16] . The increased intracellular calcium on the other hand has been shown to exert anti lipolytic effects through activation of phosphodiesterase [17] . In addition 1,25(OH) 2 -D 3 -vitamin has been shown to act on its nuclear receptors and inhibit uncoupling protein 2 (UCP2) expression in adipocytes and regulate thermogenesis and UCP2 overexpression-induced apoptosis [18, 19] .
In a recent human study, modification of serum 1,25(OH) 2 -D 3 -vitamin concentration did not lead to significant changes in the expression of essential genes related to fatty acid metabolism [20] . However, a 1-week intervention with high-calcium dairy diet has been shown to reduce fat tissue FAS expression in comparison with a low-calcium diet [21] . Another mechanism, which has been suggested to explain the effects of calcium on body weight, is the capacity of calcium to form insoluble soaps with fatty acids and thereby reduce the absorption of fat [8, 22, 23] . However, it is controversial whether the fatbinding capacity of calcium is large enough to explain the effects seen in the intervention studies.
The intervention studies which have successfully demonstrated the anti-obesity effect of calcium have repeatedly shown that the effect of calcium from dairy sources is superior to the effect of supplemental calcium [6, 9, 24] . So far, the mechanisms explaining this difference are not understood. It has been suggested that dairy products contain bioactive peptides, which might modulate adipose tissue metabolism, energy expenditure or satiety signals [15] . Dairy products are known to contain bioactive peptides, e.g. with ACE-inhibitory properties, opioid-like activities and mineral-binding and antithrombotic properties [25] . However, it is presently unclear how these or other dairy-derived peptides affect adipose tissue metabolism.
We have previously shown that a high-calcium, highfat diet containing whey protein isolate (WPI) inhibits body weight and fat tissue gain in C57Bl/6J mice fed a high-fat diet, a widely used model of diet-induced obesity [23] . However, the knowledge on the mechanisms of action of the whey protein diet on fat tissue metabolism is still sparse. Whey protein has been shown to affect satiety at least acutely, but in this animal model WPI did not decrease the cumulative energy intake during the 21-week treatment period. A high-calcium diet with WPI increased fecal fat excretion, which may partly explain the inhibitory effect on weight gain.
In this paper, we clarify the effect of a high-calcium diet with whey protein on fat tissue metabolism using microarray technology. We show that a high-calcium diet with whey protein significantly regulates adipose tissue gene expression, including leptin and adrenergic receptor expression, in C57Bl/6J mice fed a high-fat diet.
Methods

Animals and Diets
The animals and treatments have been described in detail in our publication describing the effects of high-calcium diets on weight gain [23] . In brief, 8-to 9-week-old male C57Bl/6J mice were purchased from Harlan (Horst, The Netherlands). After a 1-week acclimatization period, the body-weight-matched mice (25.6 8 0.1 g) were divided into two groups (n = 10/group) receiving modified high-fat diets (60% of energy from fat). The highcalcium whey group received a high-fat diet (D05031104M; Research Diets, New Brunswick, N.J., USA) with 1.8% CaCO 3 and all protein (18% of energy) from WPI (Alacen TM 895; NZMP, Auckland, New Zealand). The control group received a high-fat diet (D05031101M; Research Diets) with 0.4% CaCO 3 and all protein (18% of energy) from casein isolate (Alacid 714; New Zealand Milk Products, Santa Rosa, Calif., USA). At the end of the 21-week treatment period, the body weight (44.1 8 1.1 g) and body fat content (41.6 8 0.6%, measured by DEXA, Lunar PIXImus, GE Healthcare, Chalfont St. Giles, UK) were significantly lower (p ! 0.05) in the high-calcium whey group than in the control group (48.1 8 0.8 g and 44.9 8 0.8%).
At the end of the treatment period, the animals were rendered unconscious with CO 2 /O 2 (95%/5%; AGA, Riihimäki, Finland) and decapitated, and the epididymal fat pads were dissected. The distal end of the fat pad was fixed in 10% formalin and embedded in paraffin with routine techniques. The rest of the epididymal fat pads were snap-frozen in liquid nitrogen and stored at -80 ° C until analyzed.
Immunohistochemical Staining for F4/80 and Determination of the Adipocyte Cross-Sectional Area
Sections (5 m) of paraffin-embedded adipose tissue samples were cut with a microtome and mounted on charged glass slides, deparaffinized in xylene and stained for F4/80 expression according to the indirect peroxidase-conjugated streptavidin procedure with an anti-F4/80 monoclonal antibody [F4/80 antibody (CI: A3-1) ab6640; Abcam, Cambridge, UK]. For each individual mouse adipose depot, three different high-power fields were analyzed. The total number of nuclei and the number of nuclei of F4/80-expressing cells were counted for each field. The fraction of F4/80-expressing cells for each sample was calculated as the sum of the number of nuclei of F4/80-expressing cells divided by the total number of nuclei in sections of a sample. The adipocyte cross-sectional area was determined for each adipocyte in three fields per sample using Leica QWin Standard software (Leica Microsystems Imaging Solutions, Cambridge, UK). 
Extraction of RNA and Microarray Procedure
Total RNA from the epididymal fat pads of 2 control mice and 2 high-calcium, whey-protein-fed mice were collected with TRIzol (Invitrogen, Carlsbad, Calif., USA), purified with the RNeasy Mini Kit (Qiagen) and measured at 260 and 280 nm. RNA quality was analyzed with a Bioanalyzer. RNA (5 g) was reverse transcribed to cDNA and tagged with biotin with one-cycle target labeling and control reagents (Affymetrix) and hybridized according to the standard protocol using four Mouse Genome 430 2.0 arrays (Affymetrix) in total, representing over 30,000 mouse transcripts. GeneChip Scanner 3000 (Affymetrix) was used for scanning. The complete data set is available from the NCBI Gene Expression Omnibus database and gene expression profiling data comply with the MIAME standard (minimum information about a microarray experiment; accession No. GSE9280).
The data were pre-processed with the robust multichip algorithm [26] , normalized per chip to the median and analyzed with Genespring 7.2. (Agilent, Santa Clara, Calif., USA). The 10,235 genes detected to be present in the data from all four microarrays were passed to further analysis. Differentially expressed probe sets were selected based on filtering by the fold change ( 8 1.2-fold) between the control group and the high-calcium whey group, resulting in 1,067 up-regulated and 1,075 down-regulated identifiers. The probe sets passing the initial filtering were further inspected using parametric statistical analysis not assuming equal variances (Welch-type t test) with p ! 0.05 as a threshold for significance. The lists of the obtained up-and down-regulated probe sets were inspected for the enriched Gene Ontology (GO) terms and the pathways of the Kyoto Encyclopedia of Genes and Genomes (KEGG) among the genes using the 'DAVID 2006' program [27] . Furthermore, the genes were clustered based on the GO terms in order to detect possible subgroups of co-expressed genes with certain functions using the 'TAFFEL' [28] . The predicted TF binding sites for the regulated genes were downloaded from the cisRED database [29] . The transcription factors were listed for 40 out of the 64 up-regulated genes.
Epididymal Adipose Tissue Gene Expression Analysis by Quantitative Real-Time PCR Assay
The increased expression of leptin and ␤ 3 -adrenergic receptor (Adrb3) in the adipose tissue of mice fed a high-calcium diet with whey protein was independently verified by quantitative realtime PCR (qRT-PCR). Total RNA from the epididymal fat pads was collected with TRIzol (Invitrogen, Carlsbad, Calif., USA), treated with DNAse 1 (deoxyribonuclease 1, Sigma, St. Louis, Mo., USA) and reverse transcribed to cDNA by incubation for 50 min at 45 ° C with the presence of reverse transcription enzyme (ImProm-II TM Reverse Transcription System, Promega). cDNA (1 l) was subjected to qRT-PCR (Lightcycler; Roche Diagnostics, Neuilly-sur-Seine, France) for detection of leptin, Adrb3 and 18S mRNAs. 18S served as housekeeping gene. The samples were amplified using FastStart DNA Master SYBR Green 1 (Roche Diagnostics) in the presence of 0.5 M of the following primers: leptin forward AGACCGGGAAAGAGTG and reverse GCCATAGTG-CAAGGTT; Adrb3 forward ACCAACGTGTTCGTGACT and reverse CAGCTAGGTAGCGGTCCA, and 18S forward ACATC-CAAGGAAGGCAGCAG and reverse TTTTCGTCACTACCTC-CCCG. The PCR amplifications consisted of a 10-min incubation at 95 ° C, following 43 cycles of 15 s at 95 ° C, annealing for 5 s at 59 ° C and 10 s at 72 ° C for leptin; a 10-min incubation at 95 ° C following 37 cycles of 15 s at 95 ° C, annealing for 5 s at 58 ° C and 10 s at 72 ° C for Adrb3; a 10-min incubation at 95 ° C following 26 cycles of 15 s at 95 ° C, annealing for 5 s at 66 ° C and 10 s at 72 ° C for 18S. The quantities of leptin, Adrb3 and 18S PCR products were quantified with an external standard curve amplified from purified PCR product. 
Results
Changes in Adipose Tissue Gene Expression
A high-calcium diet with whey protein altered the expression of 129 Affymetrix probe sets corresponding to the same number of genes ( 1 1.2-fold change in the expression). The amount of up-and down-regulated genes in the whey group in comparison with the control group was almost equal (64 up-regulated and 65 down-regulated). The 45 up-regulated genes associated with GO terms of the biological process category are presented in table 1 . The 48 down-regulated genes associated with biological process category GO terms are shown in table 2 .
The most highly enriched biological pathways among the altered genes were the insulin and adipocytokine signaling pathway and the fatty acid metabolism pathway. The complete list of the enriched categories for the upand down-regulated genes is presented in online supplement 
Insulin Signaling Pathway
The biggest number of up-regulated genes was enriched in the KEGG insulin signaling pathway, which contained five reporters with over 1.2-fold changes and fourteen genes with a smaller or non-significant difference in the expression. The significantly up-regulated reporters in the insulin signaling pathway corresponded to the genes encoding Flot2 (flotillin 2), Exoc7 (exocyst complex component 7), Prkag1 (AMP-activated protein kinase), Akt1 (serine/threonine protein kinase) and Ras (Harvey rat sarcoma virus oncogene). On the other hand, Rheb (RAS homolog) was significantly down-regulated and there was a downward trend in the expression of Pik3r1 (phosphatidylinositol 3-kinase, PI3-kinase) and Ppp1r3c (protein phosphatase 1) genes, but the difference between the groups was not statistically significant.
Adipocytokine Signaling Pathway
The second biggest number of up-regulated genes was found in the adipocytokine signaling pathway. This pathway contained three significantly up-regulated genes (Prkag1, Akt1 and Nfkbia). In addition, we inspected the microarray data for other genes associated with the adipocytokine KEGG pathway and found trends towards up-regulation in the high-calcium whey group in the expression of leptin (1.17-fold, p = 0.30) and several other genes presented in figure 1 . On the other hand, Cpt1a (carnitine palmitoyltransferase 1) was significantly downregulated together with Acsl1 (long-chain acyl-CoA synthetase, family member 1), as listed in online supplement table 2 (www.karger.com/doi/10.1159/00151238). Several key genes in both insulin and adipocytokine signaling pathways are presented in figure 1 .
Fatty Acid Metabolism Pathway
The expression of Cpt1a, Acsl1 and Acad9, genes related to fatty acid metabolism, were strongly and significantly decreased (p = 0.01, p = 0.01 and p = 0.049, respectively).
Identification and Verification of Target Genes
Based on the expression data and the pathways associated with altered genes, we identified two interesting upregulated genes in the microarray data that may transmit alterations in metabolism in the fat tissue. The putative targets were ␤ 3 -adrenergic receptor and leptin, which could be related to the inhibition of fat tissue gain in the high-calcium whey group.
The mRNA abundances of these genes were confirmed by qRT-PCR. According to the microarray data, the expression of Adrb3 was significantly up-regulated (p = 0.03), whereas the 1.17-fold increase in the leptin expression did not reach statistical significance (p = 0.33). In accordance with the microarray data, qRT-PCR analysis confirmed the 2.3-fold up-regulation in the expression of Adrb3 in the high-calcium whey group (p = 0.0002; fig. 2 a) . Also, the leptin mRNA expression was 2.1 times greater in the high-calcium whey group than in the control group (p = 0.02), confirming the upward trend found in the microarray data ( fig. 2 b) .
Macrophage Infiltration and Adipocyte Size
To identify and quantitate macrophages within adipose tissue, we immunohistochemically stained sections for the F4/80 antigen. There was no difference between the groups in the amount of F4/80-expressing cells in the adipose tissue (31.7 8 3.7% in the high-calcium whey group and 28.2 8 4.3% in the control group, p = 0.55). The mean adipocyte cross-sectional area was significantly smaller in the high-calcium whey group than in the control group (7,458 8 147 vs. 8,012 8 156 m 2 , p = 0.01; fig. 3 ).
Discussion
In this paper, we explored the effects of a whey-protein-containing, high-calcium diet on adipose tissue gene expression. The microarray analysis of two representative samples per group revealed significant changes in the expression of 129 genes, with a similar amount of up-and down-regulated genes in the high-calcium whey group in comparison with the controls. Based on the microarray and qRT-PCR results, adipose tissue of mice fed a high-calcium diet with whey protein was found to have significantly up-regulated expression of Adrb3 and leptin. Furthermore, in line with the alterations in these two genes, there was enrichment of upregulated genes in the insulin and adipocytokine signaling pathways and enrichment of down-regulated Microarray data for the genes in the pathway coined from the central genes in the KEGG pathways 'insulin signaling pathway' and 'adipocytokine signaling pathway'. The figure is modified from the pathway presented in KEGG [51] . Genes with no microarray data are shown in italics. Abstractions are presented with rounded grey shapes. * Genes with a 81.2-fold change in between groups.
genes in the fatty acid metabolism pathway. These results are in line with the physiological outcome, and thus increase confidence in the data and suggest that the discovered alterations in the transcriptome may be largely valid.
The ␤ 3 -subtype of adrenergic receptor is known to play an important role in energy homeostasis through its effect on lipolysis and thermogenesis, and there has been a lot of interest in developing selective ␤ 3 -adrenergic receptor agonists as anti-obesity drugs [30] . Interestingly, high-fat feeding has been demonstrated to suppress the expression of Adrb3 in the adipose tissue of C57Bl/6J mice [31, 32] as well as other mouse models of obesity [33] . However, in this study, a high-calcium diet with whey protein was able to restore the expression of Adrb3 in the adipose tissue of C57Bl/6J mice fed a high-fat diet at a significantly higher level than in obese controls, and thus to prevent the detrimental effect of a high-fat diet on the expression of this receptor.
Interestingly, we found significantly higher leptin expression in the whey group, which had significantly less body fat than the obese control group. In fact, there was no difference in leptin expression between the group fed a low-fat diet and the obese control group (data not shown). In line with our finding, leptin expression has been shown to be disturbed in C57Bl/6J mice fed a highfat-diet [34, 35] . In comparison with the obesity-resistant A/J-mice, C57Bl/6J mice fed a high-fat diet had significantly less leptin expression in relation to fat mass. Consequently, it can be argued that the high-calcium diet with whey protein changed the expression of leptin in the direction of an obesity-resistant mouse strain. Twelve- week leptin supplementation has been shown to slow, but not totally prevent, diet-induced obesity in C57Bl/6J mice, and leptin supplementation has been demonstrated to have more effect on energy expenditure than energy intake in these mice [36] . The precise signals mediating the regulation of leptin expression and secretion are unclear, but insulin is known to play an important role [37] . Leptin secretion from the adipocytes is stimulated by insulin and stimulation of the ␤ 3 -adrenergic receptor is known to inhibit insulin-stimulated leptin secretion [38] . Leptin expression is also involved in the adipocytokine signaling pathway, which according to the microarray data had the second biggest cluster of significantly upregulated genes. Both leptin and adrenergic signaling are relevant to the sensitivity of insulin signaling, a pathway which, according to the microarray analysis, was enriched with the largest number of up-regulated genes. Insulin signaling in the adipocytes occurs via the interplay of the insulin receptor and its substrates like IRS-1 and PI3-kinase, whose activation leads to translocation of GLUT4-containing vesicles and subsequent increase in glucose uptake [39, 40] . The obesity-induced impairment in adipose tissue insulin signaling has been shown to be related to a decrease in GLUT-4 expression [41] . Impaired IRS-1 signaling to PI3-kinase has also been observed [42] .
Whey protein intake has been linked to insulin metabolism previously, but we show for the first time the effect of whey protein on the level of adipose tissue gene expression. Whey protein is known to have a greater postprandial insulinotrophic effect than casein [43, 44] . The insulinotrophic effect of whey protein is likely to be mediated through rapid amino acid absorption, a substantial amount of certain insulinotrophic amino acids (leucine, isoleucine, valine, lysine and threonine) and the inhibition of dipeptidyl peptidase IV in the intestine, which leads to an increased concentration of incretin hormones [45, 46] . It is also of note that an increase in adipocyte size results in increased insulin resistance, at least in vitro [47, 48] . Thus, smaller adipocyte size in the high-calcium whey group could also partly explain the clustering of up-regulated genes in the insulin signaling pathway.
The microarray data indicated that the expression of genes related to fatty acid metabolism, Cpt1a, ACS and Acad9, were all strongly and significantly decreased. Cpt1a is considered to be one of the key enzymes regulating free fatty acid oxidation, and its function in liver and muscle has been widely studied [49, 50] . However, understanding of the role and regulation of adipose tissue Cpt1a expression in C57Bl/6 mice fed a high-fat diet is still sparse. The role of ACS and Acad9 gene expression in adipose tissue or obesity has not been intensively investigated. ACS is involved in facilitating long-chain fatty acid transport across the plasma membrane, and the exact role of Acad9 has thus far not been reported. Hence, the importance of these preliminary findings remains to be elucidated.
Taken together, we have shown for the first time that whey protein together with calcium supplementation not only inhibits the accumulation of fat during a high-fat diet, but also significantly modulates the gene expression of visceral adipose tissue. Whey protein and calcium feeding showed a protective effect against a high-fat dietinduced decline in Adrb3 expression and corrected leptin expression in the direction normally seen in an obesityresistant mouse strain, i.e. changes which are likely to contribute to the inhibition of weight gain. Significant up-regulation of leptin and Adrb3 expression is also connected with the insulin-signaling pathway, which according to the microarray data was enriched with upregulated genes. As the microarray analysis was performed from two replicates per experimental group, the findings related to significantly regulated pathways can be considered preliminary. Hence, the influence of a high-calcium diet with whey protein on insulin and adipocytokine signaling and fatty acid metabolism pathways warrants further studies.
